The microbial reduction of Fe(III) plays an important role in the geochemistry of hydrothermal systems, yet it is poorly understood at the mechanistic level. Here we show that the obligate Fe(III)-reducing archaeon Geoglobus ahangari uses a direct-contact mechanism for the reduction of Fe(III) oxides to magnetite at 85°C. Alleviating the need to directly contact the mineral with the addition of a chelator or the electron shuttle anthraquinone-2,6-disulfonate (AQDS) stimulated Fe(III) reduction. In contrast, entrapment of the oxides within alginate beads to prevent cell contact with the electron acceptor prevented Fe(III) reduction and cell growth unless AQDS was provided. Furthermore, filtered culture supernatant fluids had no effect on Fe(III) reduction, ruling out the secretion of an endogenous mediator too large to permeate the alginate beads. Consistent with a direct contact mechanism, electron micrographs showed cells in intimate association with the Fe(III) mineral particles, which once dissolved revealed abundant curled appendages. The cells also produced several heme-containing proteins. Some of them were detected among proteins sheared from the cell's outer surface and were required for the reduction of insoluble Fe(III) oxides but not for the reduction of the soluble electron acceptor Fe(III) citrate. The results thus support a mechanism in which the cells directly attach and transfer electrons to the Fe(III) oxides using redox-active proteins exposed on the cell surface. This strategy confers on G. ahangari a competitive advantage for accessing and reducing Fe(III) oxides under the extreme physical and chemical conditions of hot ecosystems.
T he accumulation of Fe(III) in hot sediments surrounding marine hydrothermal vents and the availability of electron donors for microbial growth, such as H 2 and acetate (1) , provide ideal conditions to support the growth and activity of dissimilatory Fe(III)-reducing microorganisms at elevated (Ͼ80°C) temperatures (2) . Fe(III) reduction is, in fact, a conserved metabolic capability of deeply branching hyperthermophilic microorganisms (3) , and the advent of isolation methods using Fe(III) oxides as the sole electron acceptor has enabled the recovery, in pure culture, of many novel hyperthermophilic Fe(III) reducers with previously unsuspected metabolic capabilities (reviewed in reference 4). Evidence to date also indicates that the reduced Fe(III) minerals produced by dissimilatory Fe(III) reducers have distinctive signatures (5) (6) (7) (8) which could serve as geological markers for Fe(III) biomineralization in hot ecosystems.
Despite the critical role that Fe(III) biomineralization has in the geochemistry of hydrothermal systems, its underlying mechanisms remain largely unknown. In contrast, Fe(III) biomineralization has been extensively studied in moderate-temperature environments. In general, mesophilic, dissimilatory metal-reducing bacteria, both Gram negative and Gram positive, rely on c cytochromes to transfer metabolic electrons to the outer surface (9) (10) (11) . Some transfer the electrons directly from the cell surface electron carriers to the Fe(III) oxides or indirectly via the secretion of soluble redox mediators, such as electron shuttles and/or metal chelators (reviewed in reference 12) . Recent studies in the thermophilic Gram-positive bacterium Carboxydothermus ferrireducens have also provided evidence for a direct contact mechanism for the reduction of Fe(III) oxides at moderately elevated temperatures (65°C) (13) . Mesophilic Fe(III) reducers can also transfer electrons to exogenous electron shuttles such as dissolved humic substances (14) and solid-phase humic substances (15) generated during the degradation of organic matter. Both humic forms can be recycled through cycles of microbial reduction and abiotic reoxidation by the Fe(III) oxides, thus stimulating the rates of Fe(III) reduction in sediments (14) (15) (16) . A third mechanism involving conductive extracellular appendages, or "nanowires," has also been proposed for species of Geobacter and Shewanella, which use a direct and an indirect strategy for Fe(III) reduction, respectively (17) (18) (19) .
The finding that Fe(III) reducers with a direct contact mechanism predominate over those producing endogenous shuttles and chelators in a wide variety of subsurface environments (20) (21) (22) (23) has led to the proposal that a direct strategy may confer on microorganisms a competitive advantage for reducing insoluble Fe(III) oxides (24) . This is because these microorganisms do not divert energy toward the synthesis of endogenous soluble mediators, which often need to be replenished due to their loss to diffusion and advection in the bulk fluid and their adsorption onto redoxinactive solid phases (24) . Such losses could be more pronounced in areas of high fluid circulation, such as hydrothermal environments, where seawater seeps down through fissures of the volcanic bed and is pushed back up again through the volcanic rock once heated by the underlying magma (1). However, a mechanistic understanding of microbial Fe(III) reduction in hydrothermal environments is lacking.
Hence, we investigated the mechanism used by the model hyperthermophilic archaeon Geoglobus ahangari to reduce Fe(III) oxides. G. ahangari is an obligate Fe(III)-reducing archaeon isolated from the Guaymas Basin hydrothermal system at a depth of 2,000 m that grows at temperatures between 65 and 90°C, with an optimum at ca. 85 to 88°C (25) . It was the first isolate in a novel genus within the Archaeoglobales and the first example of a dissimilatory Fe(III) reducer growing autotrophically on H 2 (25) , a metabolic trait later found to be conserved in many hyperthermophilic Fe(III) reducers (4) . In addition to H 2 , it oxidizes a wide range of organic acids, amino acids, and long-chain fatty acids for the reduction of Fe(III). Here we show that G. ahangari reduces Fe(III) oxides with a direct contact mechanism, and we identify cellular components necessary for the cell to establish electronic contact with the oxide minerals. This mechanistic study of Fe(III) reduction by a hyperthermophilic archaeon provides novel insights into the microbial adaptive responses that contribute to Fe(III) mineralization in hydrothermal systems.
MATERIALS AND METHODS
Bacterial strains, culture conditions, and mineral characterization. G. ahangari strain 234 T (JCM 12378 T , ATCC BAA-426 T ) was routinely grown anaerobically in modified marine (MM) medium (25) with pyruvate (10 mM) as the electron donor and poorly crystalline 50 mM Fe(III) oxides or soluble Fe(III) citrate as the electron acceptor. Incubations were in the dark and at 85°C. These nominal concentrations of electron donor and acceptor were selected so that the electron donor provided an excess supply of electrons (one molecule of pyruvate, 10 electrons) to yield the full reduction of the electron acceptor [1/3 of the Fe(III) in Fe(III) oxides and all the Fe(III) in Fe(III) citrate]. The cultures were transferred (5% [vol/vol]) into fresh medium when ca. 1/3 [Fe(III) oxides] or 2/3 [Fe(III) citrate] of the Fe(III) had been reduced (early stationary phase and late exponential phase, respectively). The extent of Fe(III) oxide reduction in the cultures was periodically monitored by extracting the Fe(II) from the mineral phase with 0.5 N HCl (26) [HCl-extractable Fe(II)] and measuring it with the ferrozine method (27) . When indicated, soluble Fe(II) was also measured in filtered (0.22 m) culture supernatant fluids with the ferrozine method. The supernatant fluids were also treated with hydroxylamine hydrochloride under acidic conditions to reduce soluble Fe(III) to Fe(II) (28) , and the total soluble Fe content was measured with the ferrozine method. The difference between the total Fe content and the Fe(II) fraction was used to estimate the amount of soluble Fe(III). When indicated, the reduced Fe(III) oxide mineral from early stationary-phase cultures was recovered by centrifugation, dried with N 2 gas, and characterized by electron diffraction using a JEOL 2000 FX Mark II 200-kV transmission electron microscope.
Assays for endogenous mediators. The secretion of low-molecularweight mediators by G. ahangari was investigated using Fe(III) oxides entrapped in alginate beads (12-kDa pore size, 3-mm diameter), prepared as previously described (29, 30) and modified for Fe(III) oxides (31) . The bead-entrapped Fe(III) oxides were subjected to 30 cycles of pressurization with N 2 gas followed by aspiration to vacuum to remove any residual oxygen trapped in the beads and were then dispensed at 50 mM concentrations in tubes with 10 ml of MM medium containing 10 mM pyruvate. Tubes were periodically sacrificed to measure the extent of Fe(III) reduction in the beads as HCl-extractable Fe(II). The beads were first washed with autoclaved, anaerobic marine wash buffer (NaCl, 19.0 g/liter; MgCl 2 · 6H 2 O, 9.0 g/liter; CaCl 2 · 2H 2 O, 0.3 g/liter; KCl, 0.5 g/liter; pH to 7.0), and the Fe(II) in the beads was then extracted with 0.5 N HCl for 12 h and measured with the ferrozine method (27) . Cell growth was also monitored by counting the number of acridine orange-stained cells in the culture supernatant fluids by fluorescence microscopy, as described previously (32) .
The secretion of endogenous mediators larger than the bead pore size was investigated by measuring the effect of culture supernatant fluids in the reduction of free Fe(III) oxides (10 mM) by washed cell suspensions, using a protocol adapted from a previously published procedure (31) . The supernatant fluids were harvested from 200-ml cultures grown with 10 mM pyruvate and 50 mM Fe(III) oxide until ca. 1/3 of the Fe(III) was reduced. After being filtered and oxidized as previously described (31), the supernatant fluids were concentrated 100-fold in an Ultracel YM-10 centrifugal filter unit (Millipore, 10-kDa nominal molecular mass limit), made anaerobic by gassing with N 2 -CO 2 (80:20) for 20 min, and diluted 100-fold in MM medium supplemented with 10 mM pyruvate and, when indicated, 10 M AQDS. Approximately 9.7 ml of these supernatant fluids was dispensed anaerobically into culture tubes. Tubes with 9.7 ml of MM medium were also used as controls. These tubes were inoculated with cells harvested by centrifugation (8,000 ϫ g, 10 min, 20°C) from 100 ml Fe(III) citrate (50 mM) cultures grown to mid-exponential phase [ca. 25 mM Fe(III) reduced]. After two washes with autoclaved, anaerobic marine wash buffer, the cells were suspended in 5 ml of MM medium and flushed with N 2 -CO 2 (80:20) gas for 20 min. Approximately 0.1 ml of this cell suspension (ϳ0.6 mg of total cell protein) was inoculated into each tube containing 9.7 ml of supernatant fluids or fresh medium. Microscopy. Acridine orange-stained cells were routinely examined and counted using a Zeiss Axioskop 20 phase-contrast microscope with an oil-immersion objective, 100ϫ/1.25, equipped with a UV lamp, an excitation filter (LP 420), and a red-attenuation filter (BG 38). Cells from stationary-phase cultures grown with free Fe(III) oxides or Fe(III) citrate were also fixed with 2.5% (wt/wt) glutaraldehyde, adsorbed onto Formvar-coated nickel grids (200 mesh; Electron Microscopy Sciences) for 15 min, washed with double-distilled water (ddH 2 O), and negatively stained with 1% uranyl acetate for 15 min. Negatively stained cells were then examined by transmission electron microscopy (TEM) using a JEOL100 CXII TEM operated at 75 mV. When indicated, the culture samples were first treated with an oxalate solution for 15 min at room temperature to dissolve any cell-associated iron deposits before being fixed and stained for TEM analyses.
The biofilms associated with the bead-entrapped Fe(III) oxides were examined by confocal laser scanning microscopy (CLSM) using an inverted Olympus FluoView 1000 LSM equipped with a UPlanFLN 40ϫ objective. Prior to CLSM, the beads were washed with phosphate-buffered saline (PBS) buffer and stained with the BacLight viability kit (Invitrogen) for 5 min, following manufacturer's recommendations. After another wash with PBS, the beads were transferred to a glass bottom 35-mm microwell dish (MatTek Co.) and imaged. The fluorescence from the SYTO9 dye (green, live cells) was detected with a 488-nm argon line using a 505to 525-nm band-pass filter, whereas the fluorescence from the propidium iodide dye was detected with a 560-nm long-pass filter. Images were collected at 1.0-m intervals.
Denaturing polyacrylamide gel electrophoresis (SDS-PAGE) and heme staining. Cultures with 10 mM pyruvate and 50 mM Fe(III) citrate were grown to late exponential phase at 85°C and treated with oxalate (25) for 15 min to remove Fe precipitates that formed around the cells. The oxalate-treated cells were harvested by centrifugation (8,000 ϫ g, 30 min, 25°C), washed once with marine wash buffer, and incubated at 37°C for 30 min in iron extraction buffer, prepared as previously described (33) but containing 100 mM EDTA. The cells were harvested by centrifugation and stored as a pellet at Ϫ20°C until use. Loosely bound proteins were mechanically sheared off the cell's outer surface by repeated (20 times) passages through a 23-gauge needle (19) . The cells were pelleted by centrifugation (453 ϫ g, 60 min, 25°C), and the supernatant containing the soluble, sheared protein fraction was removed and concentrated using an Amicon Ultra-15 centrifugal filter unit equipped with a 100-kDa vertical membrane (Millipore). The protein sample was then washed repeatedly with ddH 2 O, resuspended in 10 mM Tris buffer (pH 8.0), and stored at Ϫ20°C until use. All protein samples were mixed with an equal volume of 2ϫ Laemmli sample buffer (Bio-Rad) and subjected to SDS-PAGE. Reducing agents were omitted from the SDS sample buffer, and the samples were loaded onto the gel without boiling to prevent the loss of heme groups (34) . The protein samples were separated by SDS-PAGE in a 4 to 20% Tris-glycine mini-Protean gel (Bio-Rad) at 250 V for 30 min. Heme staining after SDS-PAGE was performed as previously described (34) . The heme-stained gels were then destained (34) and stained with Coomassie brilliant blue G (Acro s Organics) to visualize all the proteins in the samples.
Effect of mechanical shearing of outer surface proteins on Fe(III) reduction. The role of exposed outer surface redox proteins in electron transfer to poorly crystalline Fe(III) oxides was examined by testing the ability of cells subjected to mechanical shearing (as described above) or untreated cells to resume Fe(III) oxide reduction. All culture manipulations were performed inside a glove bag (Coy laboratories) containing a H 2 -CO 2 -N 2 (7:10:83) atmosphere, and all the cultures were prepared in MM medium (pH 6.8) lacking sodium bicarbonate to minimize pH drops during exposure to the glove bag atmosphere. Untreated or sheared cells grown with 10 mM pyruvate and 50 mM Fe(III) citrate were harvested by centrifugation (8,000 ϫ g, 10 min, 25°C) when approximately two-thirds of the Fe(III) had been reduced. After being washed anaerobically with the same medium, the cell pellets were gently resuspended with a Pasteur pipette into tubes containing 10 ml of MM medium supplemented with 10 mM pyruvate as the electron donor and 100 mM Fe(III) oxides or 50 mM Fe(III) citrate as the electron acceptor. Incubation was at 85°C in the dark. Fig. 1A, G. ahangari coupled the oxidation of pyruvate to the reduction of poorly crystalline Fe(III) oxide at 85°C with doubling times for three independent experiments, each containing at least triplicate samples, ranging from 4.3 to 5.2 h, which is within the ranges previously reported for the growth of the original isolate at optimum temperatures (25) . The reduced mineral harvested from stationary-phase cultures was black and magnetic and contained 20 (Ϯ 2) mM HCl-extractable Fe(II). This contrasts with the less than 4 mM Fe(II) produced in controls lacking the electron donor ( Fig. 1A) , which accounts for any extractable Fe(II) produced abiotically by reducing agents in the medium such as cysteine and FeCl 2 or carried over in the inoculum. Thus, 16 (Ϯ 2) mM Fe(II) extracted from the reduced mineral was generated during the biological reduction of the Fe(III) oxides. This Fe(II) concentration is approximately 1/3 of the nominal concentration of poorly crystalline Fe(III) oxides (50 mM) provided as the electron acceptor, consistent with the formation of a mixed-valence mineral such as magnetite, which is 1/3 Fe(II) and 2/3 Fe(III). To further confirm this, we analyzed the electron diffraction pattern of the reduced magnetic mineral generated by G. ahangari. As shown in the inset in Fig. 1A , the electron diffraction analyses showed the characteristic diffuse ring electron diffraction pattern of magnetite (35) .
RESULTS AND DISCUSSION

Stimulation of Fe(III) reduction by exogenous electron shuttles and metal chelators. As shown in
We also gained insights into the mechanism of Fe(III) reduction by G. ahangari in experiments in which an exogenous electron shuttle was added to partially alleviate any need for the cells to directly contact the Fe(III) oxides. Addition of low (50 M) concentrations of the humic-substance analog anthraquinone-2,6disulfonate (AQDS) stimulated the reduction of Fe(III) oxides over that observed in controls without AQDS, as evidenced by the increased rate of accumulation of HCl-extractable Fe(II) over time (Fig. 1A) . Extracellular quinones such as AQDS function as electron shuttles between the cell and the Fe(III) oxides (36) . The cells reduce AQDS to anthrahydroquinone-2,6-disulfonate (AHQDS), which then abiotically reduces Fe(III) to Fe(II), thus regenerating the quinone and making it available for a new cycle of biotic reduction and abiotic oxidation. This partially alleviates the need for the cell to directly contact the insoluble electron acceptor and stimulates the rates of Fe(III) reduction (36) .
The stimulatory effect of AQDS on Fe(III) reduction was not dose dependent. As shown in Fig. 1B , concentrations of AQDS up to 100 M stimulated growth, as indicated by the decreases in doubling times, whereas 200 M concentrations did not significantly affect the doubling times. In contrast, doubling times were ca. two-fold higher in the presence of 500 M concentrations of AQDS. This suggests that AQDS is toxic to G. ahangari above relatively low threshold concentrations and provides a plausible explanation for the cell's reported inability to respire AQDS when this compound is provided as the sole electron acceptor for growth, which requires millimolar concentrations of the humic analog in the medium (25) . High (10 mM) concentrations of AQDS also inhibited the growth of the mesophilic Fe(III)-reducing bacterium Shewanella oneidensis (37) . However, S. oneidensis reduced and respired AQDS at 1 mM (37) . The higher threshold of AQDS toxicity in S. oneidensis has been linked to the activity of the outer membrane protein TolC, which functions as a pump to extrude the AQDS (37) . The increased sensitivity to AQDS noted in G. ahangari could be due to the absence of an outer membrane in its cell envelope, which has the characteristic archaeal structure composed of a cytoplasmic membrane and an S layer (25) . Consistent with this, the rate of Fe(III) reduction at 100°C by resting cell suspensions of another hyperthermophilic archaeon, Pyrobaculum islandicum, was highest at 200 M AQDS but decreased at 500 M (38) .
As with AQDS, the addition of the synthetic metal chelator nitrilotriacetic acid (NTA, 4 mM) also stimulated the reduction of Fe(III) oxides by G. ahangari (Fig. 1A) . NTA solubilizes Fe(III) from the Fe(III) oxides and provides a soluble, chelated form of Fe(III) as an electron acceptor for its microbial reduction (39, 40) . As a result, NTA partially alleviates any need for the cell to directly contact the Fe(III) oxides and stimulates Fe(III) reduction (39, 40) . Consistent with this, Fe(III) oxide cultures supplemented with NTA solubilized 3 times more Fe than cultures with no additions, and most of the soluble Fe species were in the reduced form (Fe[II]) (Fig. 1C) .
G. ahangari does not secrete endogenous mediators for Fe(III) reduction. We further investigated the mechanism of Fe(III) reduction in G. ahangari by growing the cells with Fe(III) oxides that had been entrapped in microporous alginate beads. As with the experiments with free Fe(III) oxides, the nominal concentration of entrapped Fe(III) oxides per tube was 50 mM, and there was little variability between replicates (49.8 Ϯ 1.8 mM entrapped Fe(III) per tube). As shown in Fig. 2A, G. ahangari produced 3.9 (Ϯ 0.9) mM Fe(II) over the course of 72 h in cultures with the entrapped Fe(III) oxide. This amount is approximately 7.8% (Ϯ 1.8%) of the total Fe(III) entrapped in the alginate beads, which corresponds well to the amount of Fe(III) (10%) that is exposed on the bead surface (31) . This suggests that only the Fe(III) oxide exposed on the surfaces of the beads was accessible for microbial reduction. As a result, cell growth was limited in these cultures ( Fig. 2A) . In contrast, addition of 50 M AQDS stimulated Fe(III) reduction and cell growth ( Fig. 2A) . AQDS is small enough to pass through the pores of the alginate beads and can, therefore, shuttle electrons between the cell and the entrapped oxides (31) .
Approximately one-third (17 Ϯ 1.0 mM) of the Fe(III) entrapped in the beads was reduced to Fe(II) in the cultures supplemented with AQDS ( Fig. 2A) , consistent with the complete reduc-tion of the entrapped Fe(III) oxide to the mixed-valence (Fe[II]-Fe[III], 1:2) mineral magnetite. This yield of HCl-extractable Fe(II) is 13 mM higher than in the cultures without AQDS, which were about 4 mM. The discrepancy between the amount of Fe(III) reduced in the presence of AQDS (13 mM) and the electron-accepting capacity of the AQDS provided (50 M) indicates that the AQDS molecules underwent several (ca. 260) cycles of microbial reduction and abiotic oxidation until all the entrapped Fe(III) oxides had been reduced to magnetite. By stimulating the reduction of the entrapped Fe(III), AQDS also supported the concomitant growth of a planktonic population ( Fig. 2A) . Thus, AQDS alleviated, at least partially, the need for the cells to directly contact the insoluble Fe(III) oxides. Biofilms also grew on the bead surfaces in cultures supplemented with AQDS (Fig. 2B ). This contrasted with the cultures lacking AQDS, which only contained a few live and dead cells attached to the bead surfaces (Fig. 2B,  inset) . This is because the ability of AQDS to serve as an electron shuttle also facilitates long-range electron transfer across multilayered biofilms (41) . In contrast, the synthetic metal chelator NTA did not stimulate the reduction of the entrapped Fe(III) oxides [1.6 Ϯ 0.3 mM Fe(II) produced over 72 h]. This is because although NTA is small enough to permeate the bead pores, it solubilizes Fe(III) at rates too low to support cell growth (31) .
The alginate beads experiments ruled out the secretion by G. ahangari of electron-shuttling compounds with molecular weights smaller than the pore size of the microporous beads. However, they cannot rule out the presence of larger mediator molecules. To bypass this limitation, we also tested the ability of cell-free culture supernatants obtained from stationary-phase cultures grown with free Fe(III) oxides to stimulate Fe(III) reduction by washed cell suspensions of G. ahangari. Filtered supernatant fluids did not stimulate Fe(III) reduction compared to cell suspensions in fresh medium unless supplemented with AQDS (Fig.  2C) . These results further suggest that G. ahangari does not produce endogenous mediators to reduce Fe(III) oxides.
Cellular components involved in Fe(III) reduction in G. ahangari. In the absence of mediators, cells need to directly contact the Fe(III) oxides in order to reduce them. Consistent with this, TEM micrographs of G. ahangari cells from cultures with free Fe(III) oxide revealed cells densely coated by Fe(III) oxide particles (Fig. 3A) . Treatment of the cells with oxalate to dissolve most of the Fe(III) oxide particles revealed abundant filaments ( Fig.   FIG 2 (A 3B). Similar appendages were also present in cells grown with Fe(III) citrate and were associated with mineral particles, presumably Fe precipitates, as they were easily dissolved with oxalate ( Fig.  3C ). The cell's single polar flagellum (25) was easily distinguishable from abundant curled, thin appendages (Fig. 3C) . The production of a flagellum and the tumbling motility exhibited by this microorganism in cultures with Fe(III) oxides (25) provides a mechanism for locating the Fe(III) oxides, similar to what has been observed in mesophilic Fe(III) reducers (24) . On the other hand, the production of the curled appendages associated with the Fe(III) oxides suggests a mechanism for binding the mineral particles close to the cell.
Close association between the cells and the insoluble Fe(III) oxides is necessary to directly transfer electrons from reduced proteins on the cell's outer surface to the Fe(III) oxides. Most of the redox-active proteins catalyzing this last step of electron transfer in mesophilic Fe(III) reducers are heme-containing c cytochromes (9) . These proteins are especially suited for electron transfer at high temperatures because the covalent attachment of heme groups to proteins stabilizes their secondary structure and increases their thermal stability (42) . However, dithionite-reduced versus air-oxidized spectral analyses of resting cell suspensions of G. ahangari failed to identify the spectral signatures characteristic of c-type cytochromes (25) . Similarly, cytochromes were not detected by redox difference spectroscopy in mesophilic metal-reducing bacteria from the genus Pelobacter (43) (44) (45) . Yet when whole-cell proteins from cells of Pelobacter carbinolicus were concentrated and subjected to electrophoresis on an SDS-PAGE gel and stained for heme, three bands were detected and identified as cytochromes by peptide mass fingerprinting (46) . Following a similar approach, we detected several heme-stained bands in whole-cell extracts of G. ahangari (Fig. 4A and B) . At least 4 of these bands (with relative molecular masses of 46, 38, 19, and 16 kDa) were also present in protein fractions that had been mechanically sheared from the cell surface ( Fig. 4A and B) .
The presence of heme-containing bands in the sheared protein fraction is consistent with redox-active proteins having sufficient exposure on the cell's outer surface to interact directly with the insoluble Fe(III) oxides (47) . To further test this, we investigated the ability of cells missing these outer surface proteins after mechanical shearing to resume growth and reduce Fe(III) oxides. Shearing the outer surface proteins prevented the cells from reducing insoluble Fe(III) oxides (Fig. 4C) , although the cells still produced the curled appendages (Fig. 4D ). Furthermore, shearing did not compromise cell viability, as indicated by the fact that these cells did not have a growth defect when the soluble electron acceptor Fe(III) citrate was provided as the electron acceptor for growth ( Fig. 4E ). This is analogous to what has been observed for the mesophilic Fe(III) reducer Geobacter sulfurreducens, which requires c cytochromes exposed on the outer surface to reduce insoluble metal oxides but not Fe(III) citrate (47) , and is consistent with their role in the direct transfer of electrons to the mineral. This is because their exposure minimizes the distance with the Fe(III) oxides and facilitates the direct tunneling of electrons between the heme groups and the mineral surface (48) .
Implications. The results presented above demonstrate that G. ahangari uses a direct contact mechanism to reduce Fe(III) oxides, strongly associating with the mineral particles to promote electron transfer between redox-active proteins exposed on the outer surface and the mineral. TEM micrographs of other hydrothermal vent isolates consistently show cells in intimate association with the Fe(III) oxide particles (49) (50) (51) , suggesting that this may be a widespread mechanism for Fe(III) reduction in these environments. A direct contact mechanism is likely to confer on these microorganisms a competitive advantage over microorganisms relying on mediators. Fluid circulation is especially high in hydrothermal systems (1) , which limits the bioavailability of soluble electron shuttles and favors the growth of microorganisms that can directly contact the oxides. Colonization of the mineral surface can also lead to the formation of biofilms, as shown for G. ahangari, thus providing a microenvironment for the absorption and concentration of nutrients, including soluble electron shuttles. Solid phases of humic acids are also abundantly produced during the degradation of organic matter and can serve as an electron acceptor to support the growth of dissimilatory Fe(III)-reducing microorganisms (15) . The insoluble nature of the humic phases and their coassociation with Fe(III) oxides in sediments is likely to also select for direct contact mechanisms.
Like G. ahangari, most hyperthermophilic Fe(III) reducers isolated to date are flagellated and motile (4) . Flagellar motility is especially advantageous to these organisms, as it provides a mechanism to access Fe(III) oxides freshly deposited in the hot sediments despite the high flow of fluids. The heated waters that exit the vents dissolve minerals from the volcanic rock and deposit them in the nearby sediments. As a result, reactive ferric minerals are continuously being deposited as a dispersed layer on top of the hot sediments around hydrothermal vents and could be accessible to motile microorganisms. Energy expenditure for flagellar synthesis and operation is relatively modest (about 2% and 0.1%, respectively, of the total energy expenditure of the cell during normal growth [52] ) yet yields high returns, as it enables microorganisms to rapidly access nutrients and increases their chances of survival (53) . Hence, motility and direct contact mechanisms for the reduction of Fe(III) oxides are likely to have coevolved to maximize the fitness of microorganisms growing under the extreme physical and chemical conditions of hydrothermal systems.
